> b
7 >
oy’

25
RADIATIVELY SUSTAINED PLASMAS
FOR SOLAR-ELECTRIC CONVERSION
ﬂmé‘f
- ¥~ I

Jay Palmer

Hughes Research Laboratories
3011 Malibu Canyon Road
Malibu, CA 90265

August 1979

NAS 2—10001
Annual Report
For period 1 July 1978 through 30 June 1979

Sponsored by

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION
Ames Research Center

Moffett Field, CA 94035

(NASA-CR=-132769) RAUIATIVELY SUSTAINED N90-70583
PLASMAS FOR SOLAR=-ELECTRONIC CUONVERSION
Annual Report, 1 Jul. 1978 - 20 Jun. 1979

(Huches Kesesrch tabs.) 53 p unclas

006/75 0192308

s op508




TECHNICAL REPORT STANDARD TITLE PAGE

1. Report No. ' 2. Government Accession No. 3. Recipient's Catalog No.
4. Title and Subtitle 5. Report Date
| RADIATIVELY SUSTAINED PLASMAS FOR SOLAR-ELECTRIC August 1979
CONVERSION 6. Performing Organization Code
7 Author(s) 8. Performing Organization Report No.
Jay Palmer :
9. Performing Organization Name and Address 10. Work Unit No.
Hughes Research Laboratories :
3011 Malibu Canyon Road : 11. Contract or Grant No.
Malibu, CA 90265 NAS 2-10001

] 13. Type of Report and Period Covered

12. Sponsoring Agency Name and Address Annual Report

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 1 July 1978-30 June 1979
AMES RESEARCH CENTER —
Moffett Field, CA 94035 14. Sponsoring Agency Code

15. Supplementary Notes

16. Abstroct

The first year's results of an experimental and theoretical study of solar-
sustained cesium plasmas for solar-electric conversion and solar-pumped lasers are
reported. A major upgrading of the original theoretical model describing the cou-
pling of solar radiation to a cesium plasma was completed. The model now accounts
for absorption by cesium dimers on four ground-to-excited-state transitions, for
thermal convection and thermal conduction in the plasma, and for convergence of the]
input radiation in the plasma. For the parameters cf the present experiments, the
model predicts plasma maintenance at a plasma temperature of 2800°K and predicts
the characteristic emission and absorption spectra of the plasma. Absorption spec-
tra of cesium vapor at 600°C were experimentally measured, but window fogging and
breakage problems made it necessary to redesign the cesium absorption cell as a
heat pipe oven. The latest heat pipe oven cell fabricated should be capable of pro-
viding a 600 to 700°C zone of cesium vapor centered between windows that can be
kept cold and that are isolated from the cesium vapor by helium buffer gas. The
speculation that laser action on the Csp and CsXe dimer and excimer laser transi-
tions could be made to occur by flowing a solar-sustained cesium plasma through a
transverse magnetic field has been confirmed theoretically with a quantitative
model. An MHD flow model predicts gain coefficients greater than 1% per cm on both
the excimer and dimer bands for a Mach 4 flow of a 10-atm solar-sustained CsXe
plasma across an v20-kG magnetic field.

17. Key Words (Selected by Authos(s)) 18. Distribution Statrment

Solar-electric converters
Solar-sustained plasmas
Solar-pumped lasers

19. Security Classif. (of this report) 20. Security Classif. (of this page) 21. No. of Pages 22. Price*

UNCLASSIFIED UNCLASSIFIED 67

*For sale by the Clearinghouse for Federal Scientific and Technical Information, Springfield, Virginia 22151.




TABLE OF CONTENTS
SECTION PAGE

LIST OF ILLUSTRATIONS ¢ o o o « o« ¢ o o o

1 INTRODUCTION ® L] o [ ] L4 ® [ ) - L] - [ ] . L] - - L] - L] 7
2 PLASMA MAINTENANCE - THEORETICAL . . . . L) . o e . 9
3 PI..ASMA MAINTENANCE _" EXPERIMENTAL . . . . . . . . . 19
4 SOLAR~-PUMPED MHD LASER — THEORETICAL e o o o o o o 33
5 FUTURE WORK [ ] [ ] [ ] L] L] [ ] [ ] L] o L] L] [ ] [ ] L] L] [ ] L] L ] 43
APPENDIX A — Radiatively Sustained Cesium
Plasmas for Solar Electric
Conversion\ e o 47

APPENDIX B — Flow Chart and Program

Listing for Solar Sustained
Plasma Model . . . . . . « ¢« « .« . . 59




LIST OF ILLUSTRATIONS

FIGURE PAGE

1 Computed and measured absorption cross sections
of cesium vapor: 0.40 to 0175 um (measured
values are from Ref. 4) ¢ & & o ¢ ¢ o o o o o o o & 10

2 Computed and measured absorption cross sections
. of cesium vapor: 0.74 to 1.00 um (measured
values are fromRef. 4) + . v v ¢ o« o o o o o o o o 11

3 Theoretical solar flux required for sustaining

il 3

a cesium plasma against radiation losses only e o o @ 12

4 Theoretical solar-sustained plasma re-radiation
spectrum (minus line emission) . . . . & 4 o o o o o 14

5 Theoretical plasma temperature as a function of
oven temperature showing radiation- and conduc-
conduction-loss—-dominated regimes e s o o o o o a @ 15

6 Theoretical plasma temperature as a function of
distance from the front boundary of the vapor

for two focal spot positions . . . . + ¢ o & o o o . 17
7 Experimental set-up utilizing arc lamp solar

simulator e o e 5 & & e * s & e ®* s T 8 e e s = . 20
8 Experimental set-up utilizing solar concentrator )

heliostat e+ e & & e o s o e s 2 s e s o o o 21
9 Original ILC Corp. cesium absorption cell design , . . 22
10 Cesium resonance line absorption . . « ¢ &+ ¢ ¢ ¢ o« & 24
11 High-temperature cesium absorption spectra

under partial illumination from the solar

concentrator (a,b) and under full V377-W

illumination from the concentrator (c,d) e o o o e 25
12 Cracked entrance window of ILC absorption cell , , ., . 27
13 First heat pipe oven design for solar-

sustained plasma absorption cell , . . . . . . . . . 28
14 Photograph of first heat pipe oven absorption

. cell L] L] L] - - L] . L] - . - - * - L4 L ] - . L] L] L] 29




FIGURE PAGE

15 Photograph of latest heat pipe oven absorption
cell . . o o o ¢ o o o e 8 © e © ® o e © & & e o+ = 31

16 CsXe excimer and Cs2 dimer laser transitions . « . . . o 34

17 Theoretical electron and gas temperature '
versus mach number for solar-sustained plasma
flow across a magnetic field . & + o o« o o o o o« o o o 37

18 Theoretical gain coefficients and reqhired
magnetic field strength for solar-sustained
plasma flow across a magnetic field . . .« .« ¢« ¢ ¢ « o « 40




SECTION 1

INTRODUCTION

This report covers the first year's progress on a program devoted to
the study of radiatively sustained cesium plasmas for solar-electric and
solar-laser power conversion. The identification of a solar-sustained
cesium plasma as an optimal high-temperature working fluid for solar
electric conversion together with a preliminary theoretical model of the
coupling of solar radiation to a cesium plasma was originally disclosed
at the Third Conference on Radiation Energy Conversion at NASA Ames
Research Center in 1978 and published in Progress in Astronautics and
Aeronautics.1 This paper is included as Appendix A.

The two primary objectives of this program are to (1) demonstrate
experimentally the maintenance of a cesium plasma by solar radiation and
to (2) make a firm prediction of the conditions necessary to achieve
laser action on the Cs2 dimer and CsXe excimer laser bands in such a
plasma. A general updating of the theoretical model describing the
coupling of solar radiation to a cesium plasma will also be done during
this program. Progress on all three fronts was made during this con-

tract period and is described below.




SECTION 2

PLASMA MAINTENANCE — THEORETICAL

The original theoretical model,l which predicted that a 3000°K cesium
plasma could be ignited and maintained by concentrated sunlight, is
presented in Appendix A, Similar modeling has been carried out for a
solar-sustained potassium plasma.2

A major upgrading of the original theoretical model or a solar-
sustained cesium plasma was found necessary primarily because of the
need to account more accurately for dimer absorption in the 4000 to
8000 A spectral range. Rather than computing the dimer absorption by
simply inputting the measured values of the dimer absorption cross
section at an arbitrary temperature (as done, for example, in Ref. 3),
we chose to compute the temperature-dependent absorption cross sections
according to a four-Morse-potential state model of the cesium dimer
molecule, Not only does this allow accounting for the temperature
dependence of the cross section, it also assures that re-radiation is
accounted for properly on the dimer transitions. The 8,000 to 10,000 A
X-A absorption band can be modeled fairly exactly in this way since it
is due to transition to a single state. And although the shorter wave-
length bands are actually caused by several overlapping transitionms,
the absorption can be modeled to an accuracy sufficient for our pur-
poses by constructing three hypothetical Morse potential states with
the parameters given in Table 1. Our computed absorption cross sections
(shown in Figures 1 and 2) agree well with Weschler's measured values.4
Line absorption is not included in the theoretical model since it con-
tributes negligibly the to the net energy flow in the plasma.

The corresponding new radiative energy balance results for a solar-
sustained cesium plasma are shown in Figure 3., As shown, higher plasma
temperatures result at lower oven temperatures in the purely radiative
energy balance case because the lower fractional concentration of dimers
causes the spectral range over which most of the absorption occurs to

. ‘s 1
move to the shorter wavelengths associated with the bound-free transitions.
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Figure 1. Computed and measured absorption cross sections of cesium vapor:
0.40 to 0.75 um (measured values are from Ref, 4).
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Table 1. Morse Potential Parameters for the Four-State
Model of Cs, Absorption Spectra

2
-1 ° -1 .
State |- D, cm Re’ A We, cm Atomic State

X 3600 4.47 42 6S
A 5100 5.25 34 6P 1/2
B 1510 4.47 34,2 6P 1/2
c 500 5.7 15 6P 3/2
E 5239 5.7 30 7P

6731

The addition of the visible dimer transitions has also enabled us
to compute more accurately the emission spectra of the plasma under
solar-sustained conditions. This is one of the most useful signatures
to use for verifying plasma ignition in the experiments. A typical
result is shown in Figure 4. Although line emission will of course
also be present, it again is excluded from the model because it does
not contribute importantly to the net energy flow in the plasma. Recom~
bination radiation is seen to dominate dimer radiation in the visible
portion of the spectrum for the conditions assumed.

Lower oven temperatures result in reduced radiative energy deposi-
tion in the plasma, which wil% eventually make losses other than radia-
tion dominate the energy loss fromthe plasma. Therefore, we have
added both thermal conduction and free convection losses to the model.
For the densities, convection velocities, and dimensional scales of
the present experiments, the estimated Reynolds number for the plasma
is quite small (v100) permitting the use of a kinematic value for the
thermal conductivity coefficient for cesium vapor (“15.1 x,lOm5 W/cm°K).5
Since the free convection flow was not viscosity limited for the dimen-
sional scale of the present experiments, it was computed from buoyancy
forces alone.6 These nonradiative losses control the dependence of
the plasma temperature on vapor pressure in our experiments for oven

temperatures below about 800°K, as shown in Figure 5.
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Finally, the model now also accounts for the convergence of the
incident radiation and computes the plasma temperature as a function of
the propagation distance of the radiation into the vapor. The results,
shown in Figure 6, show, for example, that higher plasma temperatures \
are attainable by positioning the focal volume as close as possible to
the front boundary of the vapor,
All of the above plasma maintenance theoretical calculations are
done with a computer program written on a time-shared PDP-10 computer.
The flow chart and listing for the computer program are presented in

Appendix B.
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SECTION 3

PLASMA MAINTENANCE — EXPERIMENTAL

Two alternative radiation sources were used on this program. A
1600-W xenon arc lamp adapted with a 10-in.-diameter elliptical reflector
for simulating 1000X concentrated sunlight was purchased by HRL as
originally planned; it is shown in Figure 7. In addition, a heliostat
solar concentrator with a 15-in.-diameter Fresnel lens (shown in Figure 8)
that had been used with an earlier solar cell project within HRL was
made available for use on this program. This concentrator allowed real
sunlight to be used as the radiation source when weather permitted. The
oven assembly containing the cesium absorption cell was made portable
enough to use with either radiation source.

The first design selected for the ceéium absorption cell is shown
in Figure 9. This cell was fabricated by ILC Corporation (Sumnyvale,
California). It has two l-in.-diameter sapphire windows (brazed to the
cell with an alkali-resistant braze and an internal depleted uranium
getter. ILC vacuum baked the cell, loaded it with cesium, and sealed it.
They specified the cell to be capable of operating to at least 650°C.
This cell design ultimately had to be abandoned because of window fail-
ures, but a series of experiments were carried out with the cell in the
solar concentrator; these are described below.

The experiments consisted of four basic steps. The first was to
measure the spectral intensity of incident sunlight over the continuous
range from 3500 to 10,000 A. The next step was to measure the absorption
of the incident sunlight in the vicinity of resonance lines at moderate
oven temperature (V150 to 250°C) with the incident sunlight stopped down
to less than 1% of the full “v84 W illuminance posgible. This was done to
confirm that an equilibrium cesium vapor had been obtained in the cell.
The third step was to measure the absorption spectra throughout the
entire 3500 to 10,000 & range at an oven temperature of 500 to 600°C.

Again, this was done with the incident sunlight stopped way down in

19




M127656

Figure 7. Experimental set-up utilizing arc lamp solar simulator.
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Figure 8.

Experimental set-up utilizing solar concentrator heliostat.
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order to determine the reference absorption spectrum for the cell at

these temperatures without a plasma present.

The fourth step was to

measure the absorption spectra at an oven temperature of 500 to 600°C

under full illumination of the “v84 W concentrated solar radiation.

The

purpose was to ascertain whether a plasma was present by determining if

the previously attained absorption spectra had changed.

This first series of measurements yielded the following results:

Step 1: The incident solar spectra were found to be
normal (i.e., complete with the known atmospheric
absorption bands). :

Step 2: The absorption strength results at the 8521-4
cesium resonance line are shown in Figure 10 for two
different temperatures. Comparing these absorption
spectra with the theoretically computed spectra indi-
cates that an equilibrium concentration of cesium vapor
had been attained at the temperatures measured.

Step 3: The absorption spectrum at 500 to 600°C is
dominated as expected by the cesium dimer absorption
bands. Two of the transmissign windows observed at
500”C, one centered at 4500 A and the other at

5200 A, are shown in Figure 11 (a and b) (the two
spectra have not been noramlized). At 600°C, the only
transmission measurable through the cell is in the
5200-3 window.

Step 4: When the cell was exposed to the full V84 W
of concentrated sunlight, a peculiar dynamics of
absorption was observed. The transmitted flux through
the cell in the 5200-% and 4500-3 windows was observed
to first increase and then decrease to a value below
that of the previous stopped down illuminance measure-
ments in a few seconds (see Figure 11(c and d)). The
cause of this was not definitely determined. Although
it may indicate that a plasma has been produced, we
feel that it more likely is associated with induced
condensation of cesium on the windows. Window conden-
sation on a longer time scale was constantly occurring
during these measurements, making it virtually impossi-
ble to obtain reproducible results..
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Figure 10. Cesium resonance line absorption.
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Figure 11. High-temperature cesium absorption spectra under partial
illumination from the solar concentrator (a,b) and under full
V377-W illumination from the concentrator (c,d).
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Window fogging continued to occur with the above cell design even
when high-power window heaters were used. Also, the entrance window on
the cell cracked twice, as shown in Figure 12, causing a long delay
during repair of the cell at ILC Corporation. After the second window
failure, we decided to convert the absorption cell design to that of a
heat pipe oven. Heat pipe ovens offer several advantages over equilib-
rium ovens, such as uniform temperature vapor zones, vapor purification,
and isolation of the vapor from the windows.7 The latter feature is
especially important for our application, not only because it allows
using ordinary glass windows and eliminates the window fogging problem,
but also because it allows spatial separation of the radiation absorp-
tion zone from the region adjacent to the windows. In the previous cell
design, it is the conduction of heat to the entrance window from the
absorbing vapor adjacent to it that is suspected of causing the window
cracking that-has occurred with these designs. (Absorption in the
sapphire window itself should not have been enough to cause failure.z)
Since the vapor pressure in a heat pipe oven is determined by the pres-
sure of the inert gas in the oven,7 the cell design included a valve to
permit changing the vapor pressure and moving the cell outside when the
solar concentrator is used.

The first heat pipe oven design is shown in Figure 13, and a photo-
graph of the fabricated cell installed on the arc lamp optical bench is
shown in Figure 14, The first operation of this cell was successfully
carried out at an argon pressure of 200 Torr and a central oven tempera-
ture of 550°C. Absorption at 8500 % was monitored during this run, and,
although a quantitative reduction of the. absorption data was not car-
ried out, the indicated length of the cesium vapor zone appeared to be
V1 cm, as planned., Once again, window fogging precluded further experi-
ments with this cell,

We believe that the window fogging was probably caused by excess
cesium lying adjacent to the windows and being heated by the hot argon

gas circulating inthe end region. The cell was therefore redesigned to

26
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Figure 12. Cracked entrance window of ILC absorption cell.
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Figure 14. Photograph of first heat pipe oven absorption cell.
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put the ' indows much farther from the heated zone. Figure 15 shows a
photogra; h of this new cell. Since the amount of cesium originally
loaded into this cell was insufficient to wet the wick completely, we

are currently taking steps to load additional cesium onto the wick.

30
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Figure 15. Photograph of latest heat pipe oven absorption cell.
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SECTION 4

SOLAR-PUMPED MHD LASER — THEORETICAL

The concept of a solar-pumped MHD laser was first disclosed at the
1978 NASA Ames Conference on Radiation Energy Conversion and in the
Hughes Research Laboratories technical proposal for this contract.8 It
was pointed out then that a population inversion on the cesium dimer A-X
laser transition will develop in a solar-sustained cesium plasma if the
electron temperature can be made to exceed the gas temperature by at
least the fractional red shift of the transition. It was suggested that
such a decoupling of the electron and gas temperatures could be made to
occur in a nozzle flow of the plasma across a magngtic field. Thus, a
closed Rankine cycle solar-pumped laser was identified that is similar
in concept to the MHD solar-electric converter with laser power replac-~
ing or supplementing electric power as the work output of the cycle. The

laser characteristics for this type of transition would includé9
° High saturation power (V50 kW/cmz)

] Large, high-power system capability (low gain, fewer
parasitic problems)

™ Broadband tunability (AX ~v 1000 R).

During this program, we quanitified these speculations with a math-
ematical model and expanded the lasing transitions considered to include
the CsXe A-X excimer band. The excimer laser transition will offer
essentially the same advantages as listed above for the dimer transi-
tion.9 As shown below, the results of the analysis give considerable
encouragement to the concept of a solar-pumped high-power MHD laser.

The energy level diagrams showing the CsXe excimer and,Cs2 dimer
laser transitions are shown in Figure 16, If the molecular states are
assumed to be populated in thermal equilibrium with respect to their
parent atomic states at the gas temperature and the population of the
atomic states to be in thermal equilibrium at the electron temperature,
then the population ratio between the upper and lower molecular levels

can be written as

33 :
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1

where A(hv) is the red shift, hvo is the atomic transition energy, T is
the gas temperature, Te is the electron temperature, and g, and g, are
degeneracy factors. Therefore, an inversion will result under this two-

temperature equilibrium condition if the ratio of gas to electron temper-—

3 - [ P a o4 £
ature is less than the fractional red shift:

. 2)

<
o

From Figure 16, the fractional red shift is ~0.07 for transitions.
from the bottom of the excimer A state and ~0.25 for transitions from the
bottom of the dimer A state. Eq. 1 predicts that a population inversion
will occur on the excimer band for Te/Tg 2 13 and on the dimer band for
Te/Tg 2 3.9.

The starting point for calculating the electron and gas temperature
in a plasma flow through a Faraday MHD channel (with short-circuited
electrodes) is an electron energy balance equation derived by
B, Zanderer et al. and utilized in their DARPA-sponsored program to

generate 10-uym laser action in an MHD channel:10

= 2 sm?
(Te/Tg -1) = 3 &M yBe s (3)

where y is the ratio of specific heats; B is the Hall parameter; M is the
Mach number of the flow; and & is an inelastic collision energy loss fac-

tor equal to the ratio of the inelastic electron collisional energy loss

rate to the elastic collisional energy loss rate. If a Maxwell-Boltzman
energy distribution is assumed for the electron and the excited state

9
population of cesium, then ¢ may be e:xpressed as:
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(4)

where E1 is the energy of the first excited state of xenon, o1 is its
excitation cross section, and oél is the electron elastic ;ollision
cross section.

If we add to Eqs. 3 and 4 the isentropic expansion equation for the

gas temperature,
-1
1 2
Tg/To [1 + 5 (v - l)M] (5)

then we may solve for the electron temperature and gas temperature as a
function of the Mach number and the Hall parameter. We assumed B = 3,
Yy = 5/3, Ogp = 3 x 10“15 cm2, dol/dE Ey =3 x 10_17 cm2 eV—l, and T, =
3000°K. The collisional cross sections 01 and dol/dE El were taken
from Ref. 11.
| The results for the electron temperature and the ratio of the elec-

tron to gas temperature are shown in Figure 17, According to these
results, a population inversion on the excimer and dimer transitions
will occur for Mach numbers greater than 3 and 0.5, respectively.

The small-signal gain coefficient itself can be computed from the

quasi-static theory of line broadening:12

afal _ Ba d[x]]d_R

321t
gain = =g |Tgp - By drR | dv ° (6)

drR

where A and T are, respectively, the wavelength and radiative lifetime
of the transition; v is the frequency of the transition at the inter-
nuclear separation R; [A] and [X] symbolize the concentrations of the

A state and X state, respectively; and 8a and gx are their degeneracies.

In the strongly inverted regime, this gain can be written
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exp (-V(\)/T,)
K,(g;/8) )

gain (}) = a(d) [A]

where KA is the A state equilibrium constant, 8¢ is the degeneracy of
the A state atomic parent state, V(\) is the potential energy of the A
state at the internuclear separation corresponding to the transition

wavelength A, and a(}) is the stimulated emission coefficient given by

: 1 2 dr ,
a(d) = (R) R ™ (8)

At the temperatures and densities of interest here, the population
of the CsXe A state is controlled by the heavy particle dissociation
rate. In this case, the A state population will be in equilibrium with

its parent atomic state, and Eq. 7 reduces to

gain (1) = a()) exp(-VQA)/T)) [Cs*][Xe] , (9)

where [Cs*] represents the concentration of cesium atoms in the 6P reso-
nance state.

On the other hand, the Cs2 A state population will not be in
thermal equilibrium with the parent atomic state at the temperatures
and densities of interest., This is because its relatively large disso-
ciation energy will cause the collisional dissociation rate of this
state to be far below the radiative rate. With the radiative rate
dominating the loss of the dimer A state, Eq. 7 for the gain coefficient

becomes

xp(-V(A) /T ))
—E) , (10)

e
gain, ., (A) = a(A) I [Cs*][Cs][Xe]T -
di 'KA
where I" is the three-body association rate coefficient for the formation
of the A state. The maximum gain coefficient on the excimer and dimer
bands occurs at 0.96 pm and 1.2 um, respectively. The scaling arguments

presented in Ref, 13 lead to I'* 1 x 10-31 cm6 sec_l and K, = 8 x 10_23

A
exp(-VA/Tg), where-vA is the potential energy at the bottom of the dimer
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A state well, Using these numerical values in Eqs, 8 through 10, we find

approximately that

gainex(0-96 um) = 7.8 x 10—38 exp(0.0S/Tg) exp(-1.45/Te) [Cs][Xe] (11)

1.3 x 1074

gain; (1.2 um) exP(—1.45/Te)[Cs]2[xe] . (12)
We have assumed that the population of the 6P resonance level at 1.45 eV
is in equilibrium with the ground state at the electron temperature. All
temperatures are in eV, concentrations are in cm_3, and the gain coeffi-
cients are in cm_l.

The stagnation cesium density for the plasma flow was chosen to be
compatible with the efficient coupling of solar radiation to the plasma
through dimensional scales on the order of several centimeters, while
the xenon density was limited by the upper limit to practical magnetic
field strength (V40 kG) to yield the assumed value of 3 for the Hall
parameter. The chosen stagnation densities were:

3 x 1018 o3 Ca3)

3x10% a3 . ' (14)

[CS]o

[Xe]o

At an assumed temperéture of 3000°K for the solar-heated plasma, these
densities correspond to a stagnation pressure of V10 atm.

The small-signal gain coefficients on the dimer and excimer bands
were computed for these conditions as a function of Mach number using
Eqs. 3 through 5 and Eqs. 11 and 12; the results are shown in Figure 18,
The figure also shows the magnetic field required to maintain the
assumed value of 3 for the Hall parameter. The magnetic field is given

by:

B = (0.55 x 10 5) X 168) , (15)

where B is in kG.
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The results shown in Figure 18 indicate that gain coefficients large
enough to construct a laser are obtainable on both the dimer and eximer
bands under quite practical regimes of flow parameters and magnetic field.

As indicated in Figure lé, electron collisional de-excitation and
dissociation may depress the dimer gain. This was the case in the

modeling of previous static-discharge-pumped alkali systems.ls’14

An
accurate assessment of the influence of electron collisional deactivation
of the dimer A state must await a more compléte numerical model since it

depends sensitively on dissociative recombination rates and multi-step

[

ionization rates. Electron deactivation is not expected to affect the
excimer gain because of the high heavy particle dissociation rate con-
trolling the population of the excimer A state,

An important and fortuitous circumstance also occurs for the set of

flow parameters chosen. The three-body association rate coefficient for
-31 6 -1

the formation of A-state CsXe excimers and Cs2 dimers (10 cm sec )
is known to be roughly an order of magnitude larger than the correspond-
ing rate coefficient for the ground-state Cs, dimers (10_32 cm6 sec_l).13

2
For a Mach 4 flow speed at the assumed stagnation densities, the recom—

bination times for the Cs—-Xe A state, the Cs, A state, and the Cs, X

state will be '\:10-5 sec, '\:10'-4 sec, and '\:10‘:23 sec, respectively. 2These
correspond to distances in the flow of 0.3 cm, “3 cm, and 30 cm,
respectively. Thus, a zone in the flow direction of about several centi-
meters in length will exist in the flow where equilibrium populations
have been established on the upper laser levels (as assumed in the above
model) but where the population of the ground-state dimers is still
frozen at the much lower value determined by the stagnation temperature
and the expansion. The absorption cross section at the 0.96-um excimer
band due to ground-state dimers is V4 x 10_16 cmz. Normally this dimer
absorption would prohibit a net excimer gain from being realized above a
cesium monomer density of ’\:1016 cm-3. This upper 1limit on the alkali
density was at the root of failures in past programs to achieve alkali-

19,15

rare gas excimer laser action utilizing static discharges, In our

case, the absorption due to dimers is less than 1/10 of the excimer
\ . 17 -3 A .
gain with cesjum monomer concentration at v3 x 100 cm ~. This justi-

fies using Eq. 11 for the excimer gain.
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SECTION 5

FUTURE WORK

During the next 12-month period on this program, first priority
will be given to the experimental demonstration of ignition and the main-
tenance of a cesium plasma by concentrated sunlight. The newly designed
heat pipe oven absorption cell will be used for this purpose. The radi-
ation source utilized will include both the arc lamp solar simulator and
the 15-in.-diameter Fresnel lens solar concentrator. Once ignition and
maintenance of the plasma have been demonstrated wvisually and photo-
graphically, emission and absorption spectral measurements will be made
on the plasma and compared with the newly upgraded theoretical model to
help provide a complete physical characterization of the plasma. Fur-
ther experimentation with the plasma during this period will be devoted
to scaling studies of the plasma under a factor of two increase in the
input solar flux using a larger Fresnel lens.

A large portion of the theoretical effort during the next year will
be applied to the construction of a complete numerical model of the MHD
nozzle flow of a solar-sustained cesium-xenon plasma for the purpose of
predicting the efficiencies of conversion of plasma enthalpy to laser
power and electric power, and of predicting associated optimization

conditions.
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APPENDIX A

Radiatively Sustained Cesium Plasmas for Solar Electric Conversion

A. Jay Palmer

Reprinted from Radiation Energy Conversion in Space, edited by Kenneth
W. Billman, Vol. 6] of Progress in Astronautics and Aeronautics.
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RADIATIVELY SUSTAINED CESIUM PLASMAS FOR SOLAR
ELECTRIC CONVERSION

A. Jay Palmer*

Hughes Research Laboratories, Malibu, Calif.

ABSTRACT

We discuss a new concept for solar electric conversion based on the
maintenance of an optical discharge in cesium vapor by concentrated solar .
radiation. The radiation is absorbed on excited state photoionization
transitions and dimer transitions and electric power is coupled out of the
plasma via MHD. The results of a computer model of the radiatively maintained
discharge predict that an optical discharge can be maintained at a plasma
temperature of 3000 to 3500°C by solar radiation concentrated by a factor of
a few thousand incident on cesium vapor at a vapor pressure of “one atmosphere.
The conductivity of the plasma is 4103 who/m which is comparable to the, plasma
conductivity in existing MHD generators.

INTRODUCTION

In the heat engine approach to solar-electric conversion, it is advan-
tageous for achieving highest efficiency to deposit the radiation directly
into the working fluid at the maximum possible temperature. 1I1f this tempera-
ture is to approach anywhere near the upper limit of the sun's temperature,
then the working fluid will necessarily be a plasma and electric power must
be coupled directly out of the plasma directly utilizing, for example, MiD.
It is of interest therefore to identify a plasme in the temperature range of
3000 to 6000°K which can present a broadband sbsorption cross section through-
out the solsr spectrum which is large enough to permit the use of moderate
densities and dimensional scales for efficient coupling of the radiation to
the plasma.

Broadband absorption of visible radiation in plasmas can occur from
primarily two causes: Inverse-bremstrahlung (free-free electron transitions)
and photoionization (bound-free electron transitions). If one assumes
thermal ionization described by Saha's equation, then the absorption cross
section (per ground state) due to free-free transitions in a hydrogen-like
plasma is (Ref. 1)

Tee ™ 7.9 - 10

-18 v 3 exp(-vIl'l') 2
33

w) Temo o w

hv

where Vy, T and hv are the ionization potential, the plasms temperature and
photon energy respectively. At a temperature near 5000°K one sees that even
with a low ionization potential species, the cross section is quite small

so that very high densities with associated formidable plasma pressures will
be required to yield a practical value for the free-free absorption coeffi-
cient in the solar spectrum (hvel-3 eV).

*Member of Technical Staff.
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On the other hand the absorption cross section due to bound-free transi-
tion can be much larger in the visible than the free-free cross section.
Combining Kramer's formula for the hydrogenic bound-free cross section per
excited state with an assumed Boltzmann distribution for the excited state
population gives the cross section per ground state as, (Ref. 1)

A/ = E(I)-V.
Oy = 7.9 10-18 (FL) T Sﬂ%)_"_l). . exp (______I_) (2)
v 1 a (1)3 T

*

where n (1), L(i) and E(i) are the effective principle quantum number, the
total angular momentum quantum number; and the binding energy respectively of
the 1th excited state.

For the temperatures of interest (3000 to 5000°K) cesium will exhibit the
largest average bound-free cross section throughout the solar spectrum. In
addition cesium has other important continuum absorption bands in the red por-
tion of the solar spectrum due to ground state cesium dimers. These absorp-
tion bands extend from about 6000 to 1 micron which, conveniently, is where
the bound-free cross section is falling off. The dimer absorption cross
section may be computed from the quasi static theory of line broadening
(Ref. 2). This technique requires knowledge of the potential energy curves
for the transition and partitions the wolecular states into a set of substates
characterized by their internuclear separation and populated relative to
their dissociation products according to a classical canonical ensemble. Thus
the concentration of dimers in the ground electronic state with an internuclear
separation between R and R + dR is written as (Ref. 3)

dIx) = 4vR%dR(g, /g, o)emp(-VX ®/k1) [Cs)?. 3

Here [] indicates species concentration, 8x and B¢ are the degeneracies of
the molecular X state and its parent atomic state respectively. WX(R) is the
energy of the molecular substate relative to that of its parent atomic state,
k is Boltzmann's constant, and T is the gas temperature.

The absorptién coefficient due to a ground state dimer transition can, -
therefore, be written immediately as (Refs. 2 and 3)

2 .2 2 @
- A AKX _ WX(R) Bx  fcsl”.
B =2 wime™® ) Bt o

vhere A is the Einstein coefficient for the transition (assumed independent
of R), and A and v are the wavelength and frequency of the radiatiom.

The absorption cross section for the cesium dimer X+*Atransition and a
hypothetical ¥—B transition were computed in this way. The dimer potential
energy curves were approximated as Morse potentials. The A and X state were
specified with dissociation energies taken from Hertzberg (Ref. 4) and inter-
nuclear separations at the potential minima chosen to best match the spectra
observed in reference (5). The hypothetical B state was a shallow Morse
potential with an internuclear separation at potential minimum set equal to
that of the ground state and a well depth ch to reprod an absorption
band whose width corresponds approximately with the overall width of the set
of overlapping X-B, X-C, X-D, etc. ahsorption bands observed in Cs in the
spectral range between roughly 7500 A to 6000 1 (Ref. 6). (The broadband
nature of the incident radiation and the assumption of LTE combine to make
the results of the forthcoming energy balance calculation relatively insensi-
tive to the exact shape of the X-B absorption band.)
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CESIUM ABSORPTION

COEFFICIENT, em—"

The net absorption coefficient due to both the bound-free transitions
and the dimer transition in an LTE cesium plasms at a computed temperature of
4000°K and a pressure of V2 atm. is shown in Figure 1, from Eqs. (2) and (4)
vhere it is compared with the solar spectrum. Both the spectral profile and
the magnitude of the cross section are seen to be well suited for the use of
cesium at moderate densities as an efficient solar radiation receiver. These
features together with its relatively high vapor pressure at practical opera-
ting temperatures, its high electrical conductivity and its availability seem
to uniquely identify cesium as an optimal working fluid for an advanced, high
temperature solar-electric heat eagine.

"o

THEORETICAL MODEL FOR A SOLAR SUSTAINED CESIUM PLASMA

In this section ve first preseant am approximate model which can be used
to predict the cesium plasme temperature that a given solar flux can sustain
against radiative losses alone in an sssumed homogeneous static plasma. This
model serves to illustrate the limitations to achieving higher temperatures
which are imposed by radiation losses alone. Subsequently we expand the
model to include gas flow as would occur, for example, in the working fluid
of a solar electric heat engine.

The basic assumptions of the model are that local thermodynamic equilib-
rium obtains and that the electron and heavy particle temperature are equal.
At the cesium vapor densities of interest (%1019 em~3) electron~heavy particle
collisional energy transfer rates will dominate over radiative and other con-
vective energy transfer rates making these assumptions valid.

STATIC CASE

In the static plasma model the plasma temperature was assumed independent
of position in the plasma and was computed by merely balancing the energy

50




204 A.J. PALMER

absorbed on the two dimer transitions and photoionization transitions from

the first eight excited states of cesium against energy lost to radiative
recombination into these same states and the dimer spontaneous emission rates.
The radiative rates were calculated on the basis of detailed balancing applied
to the absorption cross sections. Rates into and out of states higher than the
eighth excited state of cesium were verified to contribute negligibly to the
overall energy balance in the plasma.

The energy balance calculations were carried out with the aid of a com-
puter program. The results of the computer calculations are shown in Figure 2
as a plot of the required solar flux in Watts/cm? for maintaining a cesium
plasma against radiative losses versus the attainable plasma temperature.

The solar spectrum was taken as the spectrum of a black body at a temperature
of 5800°K. The concentration ratio required to achieve these fluxes for a

1 kW/m? solar flux assumed incident at the earth is shown on the right-hand
ordinate. The maintenance flux for a perfect black body is shown for com-
parison. One sees that with the use of 103 power concentrations, one can
achieve plasma temperature of V3500°K. For this result to be valid for the
static plasma it is necessary that the energy loss to thermal conduction be
small compared with radiative losses and that the spatial extent of the plasma
along the radiation propagation direction be small compared with the smallest
penetration depth of the solar spectrum in the plasma. These conditions will
be approximately satisfied for a 1 cm diameter spherical cesium plasma at the
assumed density for the temperature range between ~2500 to 4000°K.
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Fig. 2 Solar flux required for sustaining a cesium plasma against radiation
losses only.
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It is possible to understand the general form of the result presented in
Figure 2 on the basis of a simple physical argument based on the principle of
detailed balancing. The argument goes as follows.

Consider a system which i8 absorbing and emitting radiation on one transi-
tion only. If the system is in steady state, then the energy balance condi-
tion reads:

P(v)-o° (n,‘-nu) =n A (hv) ‘ (5)

where n,, and ny sre the population densities of the upper and lower level for
the transition, ¢ is the absorption cross section for the transition. A 1is
the spontaneous radiative rate and P(v) is the input radiative power flux to
the system at the transition wavelength. Now, if the level populations are
in thermal equilibrium at a temperature T, then from detailed balancing P(v)
is the Plank spectrum:

;3 by
2hv (ek‘r -1

-1
P (V) = =
T c2

) . ‘ (6)

Alternatively, if black-body radiation from a radiator of tewperature Tp is
to sustain the system at a temperature T, then the energy balance condition
reads

A nu
CP. (V) = 2(v)—] = P.(V) N
Tg o ngly T '

where C is a factor which is equal to one at the surface of the radiator.
Obviously C = 1 for T = TR. 1f TR $ T, then

c Pp(V)
O ®
TR

From the form of the black-body spectrum (Eq. 6) C <1 for T <Tp and C >1
(optically impossible) for T>Tp.

The sbove argument continues to hold (term by term) for a system absorb-
ing black-body radiation on more than one transition and, in particular, on
the continuum bound-free and dimer transitions. The essential condition for
the validity of the argument is that the system energy balance be dominated
by radiation, that the input radiation be in a black-body spectrum, and that
the system be in thermal equilibrium at some temperature, T <Tp.

In the case of several transitions or continuum transitions the value
for C will be determined from a spectrum integration of Eq. (8) and this is
what is done in the computer program to obtain the solid curve in Figure 2.
For an estimate one can characterize the system with some average wavelength
in the absorption spectrum weighted by the input radiation spectrum. In our
case this wavelength is near 5000 L. In this case

c = (exp@®)-1)" / (exp@® 1)L wexp -(2— - L) 9
T TR T(eV) .58

and this is the general form of the solid curve given in Figure 2.
The same arguments can be applied to line transitions in the plasma.
But, since in the bulk of a plasma vhich has been made to have an optical

thickness of V1 for the bound-free transitions, the line transitions con-
tribute negligibly to the emergy flux and they can be neglected altogether.
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CONVECTIVE CASE

The static case analysis above serves to identify the minimum input
povwer required to maintain the plasma at a given temperature against radiative
losses only. Such a static radiatively maintained plasma will not obtain in
practice especially if the plasma is to assume the role of a heat engine
working fluid where the plasma must necessarily dissipate a significant frac-
tion of its thermal energy non radiatively in performing work. In particular,
at 3000°K the only mechanism for coupling electric power out of the plasma at
a rate which can compete with the radiative energy loss rate of the plasma
appears to be MHD.

We therefore adopt a one-dimensional convection model of a radiatively
sustained plasma similar to that used by Raizer (Ref. 7) for laser sustained
plasmas where the plasma temperature is allowed to depend on position along
the propagation direction and the gas flow is assumed to occur at constant

FLOW SPEED = 6x 102 cm/sec

T T T T T T
TEMPERATURE
3000 |—
PERCENT INPUT POWER : -1100
« COUPLED TO PLASMA
) m —
- 80
—{e0
PERCENT INPUT POWER
1000 TRANSMITTED —{40
20
i 1 i | i 1
[ 1 2 3 4 5 € 7

PROPAGATION DISTANCE, cm

FLOW SPEED = 3 x 102 cm2/sec

4000 T =T T T
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<100
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COUPLED TO PLASMA deo
1000 140
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TRANSMITTED
] 1
[} 1 2 3 4 [

PROPAGATION DISTANCE, cm
Fig. 3 Plasma temperature, coupling efficiency and transmission coefficient
as a function of propagation distance in s cesium plasma from the omne-
dimensional convective model (oven temperature = 1000°C, solar concentration
ratio = 3000). :
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pressure. The energy balance condition then reads

aT - d g 4T
3/2 N U Cp &z W(z) - R(z) + az (¢4 dz) (10)

where N, and U are the gas density and flow velocity at the point where the
gas enters the interaction zome, C, is the specific heat, K is the thermal
conductivity, W(z) and R(z) are the radiative energy deposition and radiative
loss respectively per unit volume, T is the gas temperature, and z is the
distance along the propagation direction of the incident radiatiom.

We may once again neglect the energy loss due to thermal conductionm,
This is because, under the conditions we consider, the radiation penetration
depths and convective energy transfer rates combine to yield relatively
gradual temperature gradients. This is in contrast to the laser sustained
plasma modeled by Raizer (Ref. 7) where thermal conduction is in fact respon-
sible for maintaining the discharge. There the cold gas entering the inter-
action zone is transparent to the laser radiation and must be heated by
thermal conduction from a pre-existing hot region of the flow in order that
the plasma be self-sustaining. Such a mode obviously requires that an
absorbing plasma be "ignited" by some means such as a spark or pulsed laser
produced discharge.

In contrast, the solar sustained cesium plasma should be self starting.
This is because the "cold" cesium vapor is not totally transparent to the
sun's spectrum. As the unexcited vapor enters the solar radiation zone,
strong dimer absorption will bring the gas up to a temperature high enough
to populate the excited states and initiate energy deposition into the photo-
ionization transitions. As this temperature is reached thermal dissociation
will reduce the concentration of the dimers, dropping the dimer absorption
coefficlent to a value comparable to that of the bound-free transitions. The
ground state photoionization absorption will also aid in this process but
because of the narrow UV wavelength range in which it occurs it is not
nearly as important to the overall energy balance as the dimer absorption
which occurs in a broad wavelength range which would otherwise be relatively
transparent (See Figure 1).

With the neglect of thermal conduction, Eq. (10) was integrated numeri-
cally along the direction of the incident solar radiation, z. The results
of these computations are shown in Figures 3 and 4, assuming a solar concen-
tration ratio of 3000.

Figure 3 shows the temperature, the fraction of incident radiation power
remaining in the beam (transmitted power) and the fraction of incident radia-
tion power contained in the plasma enthalpy flow (coupling efficiency) all as
a function of z for chosen values for the input flow velocity and ambient
cesium vapor pressure.

The coupling efficiency is equal to one minus the fractional power trans-
mitted minus the fractional power radiated. It is seen to maximize at the
same downstream location as does the temperature. In a heat engine applica-
tion this location would then be the optimal point at which to extract the
cesium plasma working fluid from the radiation interaction zome. This
interaction length scales proportionally with the flow speed and will scale
somewhat faster than inversely with the density because of the influence of
the dimer. There is clearly a well defined tradeoff between peak coupling
efficiency and peak plasma temperature: higher flow velocities yield higher
coupling efficiencies but lower peak temperatures as one would expect. Since
in a heat engine application the working cycle efficiency will generally
increase with the input temperature of the working fluid the requirement for
maximum overall efficiency will determine an optimal flow speed through the
radiation interaction zome.
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Figures 4a and 4b show how the incident solar spectrum has been modified
by the plasma absorption at the maximum temperature points in Figures 3a and
3b. One can see the dominant influence of the photoionization tramsition on
the short wavelength side and of the dimer transitions on the long wavelength
side of the spectrum.

APPLICATION TO SOLAR DRIVEN MHD POWER GENERATION

MHD appears to be the only working cycle which can efficiently exploit
the high temperatures generated in a solar sustained cesium plasma for the
purposes of solar-electric conversion. A detailed analysis of a combined
solar sustained cesium plasma MHD working cycle has not yet been carried out.
We merely wish to point out in this section that the plasma parameters of a
solar sustained cesium plasma are not incompatible with those of demonstrated
MHD working fluids and that solar electric conversion efficiencies approaching
502 are therefore possible in principle with such a working cycle.

The most important plasma parameter for an MHD working fluid is its con-
ductivity. From the literature on MHD power conversion (Ref. 8) one ascer-
tains that the electrical conductivity of a one atmosphere pressure cesium
plasma in the temperature range from V1500° to 3000° is comparable to or
higher than the conductivity of a 1% potassium seeded argon plasma. Conduc-
tivity values of V10° mho/meter will attain in a one atmosphere cesium plasma
at V3000°K. At a magnetic field of V10 kilogauss, plasma conductivities of
this order will require MHD duct lengths on the order of a meter (Ref. 9) for
optimal extraction of the plasma enthalpy.

The other important parameter for an MHD plasma is the Hall parameter
(electron-cyclotron frequency times mean-free time). The Hall parameter for
a one atmosphere pressure solar-sustained cesium plasma at temperatures of
~3000°K has a value which is much greater than one for a “10 kilogauss field.
This condition permits the use of a Hall generator configuration wherein the
induced current in the generator is in the direction of the plasma flow. An
example of this type of MHD generator configuration is the disk generator
design which does not require the use of segmented electrodes and has recently
demonstrated a 151 enthalpy extraction efficiency (Ref. 10).

Whether or not a solar heated cesium MHD generator can approach the 50%
overall conversion efficiency which results from the combination of a 402
efficient bottoming cycle with a 15% efficient MHD converter hinges on many
additional engineering factors such as the effective coupling efficiency of
solar radiation to the cesium plasma which ultimately must take into account
specific geometrical constraints which impact the radiation interaction region,
and in how well one can utilize the transmitted and re-radiated light in pro-
viding the heat of evaporation of the cesium, and the return of liquid cesium
from the condenser to the evaporator in, for example, a Rankine super heat
MHD working cycle.
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APPENDIX B
8926-2
FLOW CHART AND PROGRAM LISTING
' FOR
SOLAR SUSTAINED PLASMA MODEL
FLOW CHARY
DATA ON THE ENERGY LEVEL
STRUCTURE OF THE Cs ATOM AND )
Cay MOLECULE — COMPUTE ELECTRON DENSITY
¥ FROM SAHA’S EQUATION
FOR THE FIRST FOUR EXCITED STATES COMPUTE BOUND--FREE ABSORPTION COEPFICIENT AND
OF Csy RADIATIVE RECOMBINATION RATE AS A FUNCTION
) OF WAVELENGTM
COMPUTE AS A FUNCTION OF INTERNUCLEAR ‘
COMPUTE DIMER ASSORPTION COEFFICIENT

SEPARATION THE DERIVITIVE OF THE TRANSITION

FREQUENCY WITH RESPECT TO INTERNUCLEAR

SEPARATION FOR TRANBITIONS DETWEEN THESE
FOUR STATES AND THE GROUND STATE OF Gy

y

INPUT: OVEN TEMPERATURE: DISTANCE TO FOCAL

VOLUME; DISTANCE STEP SIZE, PRINTOUT STEP SIZE
SOLAR CONCENTRATION FACTOR, FIRST ESTIMATE

OF PLASMA TEMPERATURE.

¥

| COMPUTE EQUILIBRIUM &
MONOMER DENSITY

INPUT: OVEN TEMPERATURE; DISTANCE TO FOCAL |
s

AND EMISBION RATE AS A FUNCTION OF

WAVELENGTH

!

COMPUTE TOTAL DIMER AND RECOMBINATION

EMISBION RATE

!

COMPUTE INPUT RADIATIVE POWER
DEPOSITION PER CMY

:

TO THERMAL CONVECTION AND THERMAL CONDUCTION

COMPUTE ENERGY LOSS PER CM? DUE

!

COMPUTE PLASMA TEMPERATURE 8Y BALANCING INPUT
RADIATIVE POWER DEPOSITION AGAINST TOTAL

VOLUMETRIC ENERGY LOSS
y

VOLUME: DISTANCE STEP SIZE, PRINTOUT STEP SIZE
SOLAR CONCENTRATION FACTOR, FIRST ESTIMATE
OF PLASMA TEMPERATURE

COMPUTE EQUILIBRIUM Cs
MONOMER DENSITY -
COMPLETE INPUT SLACK SODY RADIATION |

SPECTRUM
!

¥
INCREASE DISTANCE INTO

COMPUTE ABSORPTION—-MODIFIED INPUT
RADIATION SPECTRUM

OUTPUT AS A FUNCTION OF DEPTH IN PLASMA:
PLASMA TEMPERATURE; CONVECTIVE ENERGY LOSE PER
CM3; CONDUCTIVE ENERGY LOSE PER CM3; RADIATIVE

ENERGY LOBS PER CM7, MEAN INPUT RADIATION
PENETRATION DEPTH

VAFOR BY INPUT STEP SIZE
ol

COMPUTE NEW EQUILIBRIUM
MONOMER DENSITY, RESONANCE LEVEL DENSITY
ANO DIMER LEVEL DENSITIES -

COMPUTE ABSORPFTION COEFFICIENT AND

SPONTANEOUS EMISEION RATE AS A FUNCTION

OF INTERNUCLEAR SEPARATION FOR ALL FOUR DIMER
TRANSITIONS

L
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K ;
OUTPUT AS A FUNCTION OF WAVELENGTH:

TRANSMITTED RADIATION FRACTION;
RADIATION RATE PER CM?




PROGRAM LISTING

S OSSP sULAd BUSTeELzL JuaSHA

GIeaSION Lig),W (o) ,E(3),G(17)

o5 aSION WCu(200), th(200) DCW(200), DEW(200)

+,570(200), BETE(< JO),ALPHF(ZOO) ALPHL(ZOJ)

2IL i3ION JITA(I J),Pz(100)

SLAENSION R(200), dU(ZuO) WwL(209),BET(209),

+ Dw(200), ALPJ(ZQU) BE13(200) ALP]B(ZOO) DBJ(ZOO) ABU(200),
+ AL L(1JU) T Au(]OO) hRCJ(\OQ)

neal '_,Jl,JlT KF,KB, LA”JQ L,H,LOGNE,NR

INTEGZH o

REAL KA,KA,<DB,K3Z,KDC

C DATA FUw 232

U210
Deh=21./FLOAT(RUN)
AB=19%4UH

Hitisiih=1

Jnh21.E-J

."\\US.)‘J‘L‘:d

Ad=00.473

~A=34.

ic=1

AE=30

Ab=34.2

Alz=42

JC=354u2

Da=5H259

243=1510

DA=5100

JX=30600

REx=0,(E=3

‘\L J—BOCL-

RE3=4 , 4TC=-

uEA:j.ZSEe?

KE(=4 478-)

Gzl oenT® I¥3 T (HU/OE)
SCr 1. 2287 %, CR3RT(HU/OC)
EB;I.QZnI*u‘*DQRL(WU/):)
izt .C(_‘ r* n )\J‘{T(KIU/)'.\)
gazl,2 t{*J\A*DQRT( HJ/ )X)
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C COYPUTE R(1) AND #ORSE POTENTIALS

2

DO 2 I=1,NB ‘

R(I)=RZLRO+FLOAT(I)*DEL
AEU(I)=z02#%(1,-ZXP(~BE*(R(I)¥.53E=3-REE)))*¥2+ (WR3-DE)
WCU(I)=0C*(1,-EXP(~-BC*(R(I)*,53E=3-REC)))¥*¥24(WR2-DC)
WBU(I)=03%(1,-EXP(=BB*(R(I)*.536-8-REB)))**2+ (WR~DB)
WU(I)=04%(1,-EXP(~BA*(K(I)*.535-8<-REA)))¥**2+(WR=-DA)
WL(I)=uX*(1.-EXP(=3X*(R(I)*.53E=8-REX)))**24(-DX)
CONTIHUL

C COMPUTe LIz SHAPE DERIVITIVES

31
30
31
38
35
161
166

107
108
105
201
299
26T
209
209

vl

pO 65 I=1,NBHY

£=1
DW(I)=(WU(I+L)=AL(I+K)=(WU(I)=-WL(I)))/FLOAT(K)
IF (FLOAT(K)*ABS(DA(I))=DWR) 36,35,35

K=K+1

IF (T+x-43) 37,37,38

a) TO 5V ... ..

DA(I)=DWR

CONTINUE

J=1
DEW(I)=(WEU(I+J)=WL(I+J)=(WEU(I)=AL(I)))/FLOAT(J)
IF (FLDAT(J)*ABS(DEW(I))-DWR) 166,165,165
J=d+1

If (I+J-d8) 167,167,168

gD TO 101

DEN(I)=DWR

CONTINUE

J=1
DCA(I)=(ACU(I+J)=AL(I+J)=(WCU(I)=AL(I)))/FLOAT(J)
IF (FLOAT(J)*ABS(UDCW(I))-DWR) 266,265,265
J=d+1

IF (I+J-NB) 267,207,208

GJ TO 201

DCW(I)=DWK

CONTIHUE

Jd=1

DINCI)=(ABU(I+J )=WL(I+J)=(WBU(I)-WNL(I)))/FLOAT(J)
IF (FLOAT(J)*ABS(DBW(I))=-DAR) 050,65,65

J=J+1

I7 (I+J-d43) 37,07,08

3) TO o1

DUA(I)=DWR

CONTIG I

DATA 11/1.,1.20,1.39,1.690,1.55,1.93,2.14,2.17/
UDATA L/),1,2,0,1,2,0,3/

uvaTA K/7),1.43,1.80,2.30,2.71,2.82,3.00,3.03/

62




C

3
‘

(@]

«

(9]

IHPUT

50

ARITE (5,52)
FORMAT (ZX 2HTO,2X,21ZF,2X,21DZ,2X ,64IPRINT, 2X, 4HZHAX

+2X, 2iICF, 2X, NiTEWP)

ACLPPT* T0,ZF,DZ,IPRINT,Z4AX,CF,TEMP
AF=0.222;FND=1.6

COAPUTY VAPOR PRESSURE AND DENSITY

40

PRZS=10%%(11.0531-1.35%4ALOG10(TO)-4041/T0)
CSU=2.TE1L*(273/TO) *PKES

JT< 10PUT BLACK BODY SPECTRUA

PD 33 9=1,100

LAMDA=.25+3%,01 A

PZ(Q)=3 . THEG*LAMDA*® .5 # (EXP (1. 44E4/(LAMDA#5800) )~1.) *#_1
PT=PT+PZ2(Q)%¥.01E-4

CONTINUE

HVAP=U®C3O¥11,2E<-20/PT

ARITE (5,.52) PRES,CSO,HVAP

FOR AT (ZK,'PRESSURE:',E10.3,2X,'CSO:',E10.3,2X,'HVAP=',E10.3)
ARITE (5,40)

FORHAT (NX 142, 10X, 8HTEUP, TX,44CONV, TX, 4HCOND, UX , 3HRAD,7X,2HCT)
RT=23

Z STIP

20

21

ISTEIP=ISTEP+1

2=7+02

IF (Z-ZMAX) 21,21,22
CGIHTINUE

COMPUTE ATOMIC AND MOLECULAR EQUILIBRIUH POPULATION DEHNSITIES

429

DO 421 4=1,50

RATO=RAT; JZZQ-dZZ

T=TEHP*(1/|.16E“)

41=CSO*TO/TEP

A= 1¥ZXP(-E(2)/T)*3R/55

NAS j YIE-T%ELP(%236.T/TEMP)*1/2, 75915*(TE\P/273)
KA=BE=-23*EXP(.62/T)

L0B=3E=23%¥:XP(D3%1,24E-4/T)

KDC=JE-23*¥CXP(DC¥1,24E-4/T)

KDE=JE=23%:XP(DE*1 ,24E-4/T)

DIMA= h1*uA W

DI:A=N1*{a¥* R

DI B=N1¥{Du¥* IR

DIAC=11%¥{OC*{R
DIME=UHT#LOTRII*EXP(=-E(H)/T)I*3R/G5
IF (ODIYX-11) 16,15,17
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17 DIMX=i1
16 CONTIHUZ
IF (DIMA-.R) 23,23,24
24 DIMA=NR
23 CONTINUE
IF (DIME=-u3) 197,197,198
193 DIME=NR
157 CONTINYE
IF (DT1C~'in) 297,297,293
2Jju DIMC=dR
231 CONTINUT
IF (DIvB=-dR) 97,977,938
93 DLHB=iR
$( CONTINUE

(@]

COMPUTE RESQNANCE LINE ABSORBTION COEFICIENT
BETi=u 1#AY/(S%3 14%peu2%1710) -
+ *3U/5L

i

COMPUTL ABSORSTION & EMISSION COEF VS R
29 10 I=1,N34 4
3£T(1)=(0.V*AU*R(I)**Z*DIMX*(O.53E-3)'*3*(1/Kx)/(wu(I)—HL(I))“'&
+ J¥EXP(~WL(I)®1,24E-U/T)®*DEL*(1/3E10)/ABS(DW(I))*3U/35
+%((AUCI)=AL(I))/WR)*#*3
ALPI(I)=3, 14*¥AURR(T)*R2EDTyp%( S3E-3)¥%3%( 1 /KA)*EXP (= (WU(T)
+=dR)*1 2UZ-U/T)*DEL®*(WU(I)-WNL(T))*1.24E-4%5U /SR
+%((WU(I)=AL(I))/WR)%%3
IF (BET(I)-BETR) 94,7,7
Y BET(I)=BETR
y4 CONTINUE
BETE(I )= (. OS*AU*R(I)**#2%DIMX*(0,53E=8)#*#3%(1/4X)/(WEU(I)=WL(I))*%D
+ D*IXP(~AL(I)*1,28E<Y4/T)*DEL*(1/3E10)/ABS(DEW(I))*GU/55
+¥((WEU(I)=WL(I))/WR2)%%3
IF ((WEU(I)=WR2)*1.24E-4/T=-23) 405,406,407
407 ALPHE(I)=D; GO TO 408
405 ALPHE(I)=.314%AU¥R(I)*¥2#DIE#(,53E-3)*#¥38(1/KDE ) *EXP (= (WEUCI)
+=Al2)*1  2UE-U/T)*DEL*(WEU(I)-WL(I))*1,24E-4*GU/GR
+*(CAEU(I)=WL(I))/WR2) *%3
498 CONTINUE
IF (BETE(I)-BETR) 410,495,495
455 BETE(I)sBETR :
410 CONTINUZ : ~ :
BETC(I)=(US*AUXR(I)*#2¥DTMX* (0, 53E-3)¥%3%(1/XX)/(WCU(T)=AL(L))*¥
+ IRZXP(=AL(I)*1,24E-U4/T)*DEL*(1/3E10)/ABS(DCW(I))*34/3G 4
+ ¥ ((ACU(L)=ALCI))/4R) %23
IF ((WCU(L)=WR)*1,24E-%/T=-23) 506,506,507
207 ALPHZ(I)=0; GO TO 508 :
JU0 ALPUC(I)=.31U%AURR (L) #*2*DIMCH(,53E~3 ) #83%(1/KDC)*EXP (= (WCU(I)
+=an)*¥1 . 2424 /T)*DEL*(WCU(L)=AL(I))*1.24E-4%5U/3R
+*((aCUCL)=WL(LI))/WR) %%

64




503

235
210

¢ 3907

CONTINUE

If (BETC(I)-BETR) 510,595,595
BETC(I)=BETR

CONTIHUE

SETS(L)=s(Q.0%au¥(L)e%2 %u¢1. (S h5ams )RR *(1/«&)/(A1U(IJ PINGOD LLAN

+ AP (-wL(I)*1,24E- U/T)*JcL*(1/3‘10)/ABS(DBJ(I))* /35
+®((WnU(I)=dL(I))/WR)%%3

IF ((ADU(I)-WR)*1,24E-4/T=-23) 306,306,307
ALPHB(I)=U; 530 TO 308

306 ALPUB(I)=3.14%AU¥R(I)**2%DIMB*( . 53-8 )% *3%(1/KDB) *EXP (- (WBU(I)

+=AR)¥1 . 2454 /T)*DEL*(WBU(I)-WL(I))*1, 24E-4*3U/GR

+¥((ABUCT)=AL(I))/WR)**3

3903

95
10

< CUAPJIE ELEZCTRUN DENSITY, RECOMBINATION RADIATION, & BOUNMD FREE

3

L5

Y

CONTINUE

IF (BETB(I)-BETR) 10,95,95
BETS(I)=3ETR

CONTINUE

Rb=0

N’L='J

SAV=U

HE=2% %o  GRO%# S*LXP( 3. 89/(2*T))*SQRT(11)*1£10

H \u—\)

D) 15 J=1,8

KKC=RRC+1.292E=33¥NEXT *¥. .D*VF*B*(Z*L(J)+1)/N(J)**"
IF (J=1) 3,6,19

REC=.025*RRC

CodTINUS

ARCT=D0

20 15 3=1,100

3ETAD(Q)=D

ALPHD(w)=9

LAYMDA=.25+3%,01

£8s9

KXRCQR(Q)=0

D3 72 J=1,5

IF ((3.33=-8(J))=-(1.24/LAMDA)Y) U5,45,72

CONTINUE

£3= <B+(2*L(J)+1)/N(J)**S*PXP( E(J)/T)*N1

RACQ(I)I=RRCQEQI+ (2¥L(J)+1)/N(J)#XSXEXP(=E(J)/T)¥*¥N 1% ,01E~-Y4

+*7 YE-18%(3,.89%LAMDA/ 1,24 ) %%3 %3, TYUEB¥LAMDA*R.5*

(EXP(1.44E4/(LAMDA*TEP))=-1.) %%
IF (J=1) 93,9,12 ‘
KB=.025%{B; RRLQ(Q)- 02:*RRCQ(J)
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C COPUTL ASSORBTTIN & EMISSI. Y COLF V3 WAVELENGT I
{2 Coaildys
FuiL.z184/LiiA
D) 191 Jd=1,i434
I8 (FREG=(WU(J)=AL(J)+ABS(DA(J)/2.))) 99,90,91
90 I¥ (UREG=(AWU{J)=dL(J)=AB3(DA(I)/2.))) 31,92,92
32 L.ia(I)=BETAD(Q)+BET(J)
A2 d2(3)=8LPUD(RQ)+ALPH(J ) * ,OTEU/(LAMDA®R%2%¥A35(DA(J)))
31 C. ./ IHUE '
I¥ (FREQ=-(WEU(J)=WL(J)+ABS(DEW(J)/2.))) 290,290,291
239 It (FREQ=(WEU(J)=ANL(J)=-aBS(DEAN(J)/2.))) 291,292,292
2j2 BLTAL(Q)=BETAD(I)I+BETE(J)
ALPAO(Q)=ALPIAD(Q)+ALPIUE(J )Y * . 01E4/(LAMDAXR2#4ABS(DEAN(J)))
23V CONTIHUE
IV (FREQ=-(WCU(JI)-WL(JI)+ABS(DCW(J)/2.))) 390,390,391
IF (FREQ=-(wWCU(J)=AL(J)=-ABS(DCW(J)/2.))) 391,392,392
3ETAD(Q)=BETAD(Q)+3ETC(J)
ALPUD(Q)=4LPAD(Q)«ALPHC(J ) * . D1E4/(LAMDA®*2%ABS(DCA(J)))
CONTIHURE
I (FREQ=-(WRU(J)=WL(J)+ABS(D84(J)/2.))) 192,190,151
90 IF (FREQ=(WBU(J)=WL(J)=ABS(D3N(J)/2.))) 191,192,192
2 BLTAD(Q)=BETAD(Q)+BETB(J)
ALPHD(Q) =ALPHD(Q)+ALPYB(JI ) * ,O1EU4/(LAMDAN 2% ABS(D3A(J)))
131 COATLIIUE
BETA(I)=7.9E=-16%(3,39%LAMDA/1. 24 ) * 23 % (KB+XF)+BETAD(Y)
IF (aL®ID()=-1.£-11) 391,301,303
331 ALPLO(R)=9
333 KD=:u0+ALYID(Q) ¥1.06E=-19; RRCT=RRCT+RRCQ(Q) -
A2z 2+PZ(I)*BETA(J)* . 01E-Y4
15 COJ4TIAUE

(98] w L
L
o

.
-

S COMFJTE ENERGY UZPOSITION & CONVECTIVE & CONDUCTIVE ENERGY LISS
KRADIUS=SWUKT(AF/3.14)+ABS(ZF=2)/(2%FiID)
WZL=AZRCV*AF/ (3. 14*RADIUS**2)

VD= (J3)*{TEAP=TO)/TO*RADIUS/2) *¥* 5

RAU=RRC/1 . U4+RD*1,2

CONVE1 . 5¥ 1%  4E<-23*(TEAP-TO)/RADIUS*YVD
- COND=15E=5%(TEAP=-TO)/RADIUS¥ *2 :

RaT=2AD+C0HV+C0HD

S CJAPJTE PLAS+A TEMPERATURE
IF (TE4P-TO) 430,430,431
439 TdﬂP:TO;goufg w22
531 IF (RATG) 19,4 . o
419 If ((RAT—dZZ)/ADS(RAT-422)-(RATO~AZZ0)/ABS(RATO=HZZC)) 422,420,420
120 IF(KAT=.22) 440,441,441 <
VAU Ole 1PE200380 TO 442
Y41 DT- iP==209 ‘
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4‘2 TLAP=TZ 1o+DTENY

41 CUATIHG .

U222 CUuTL. A
RT=KT+1a7*DZ
PTZ=0
ShV=D

o S IMPITE AGLTIIED THPUT SPECTRUM

Ju 23 =1,100

LaﬁuA=.£)+Q*.01
(d)—f/\d)*hxp( Bplﬂ(Q)*DZ)

r’.l/.-PI',.nH (Q)* 01z

HAY= A1J¢sLTA())*P'(J)* N15=14

lis a

o1 FORAAT(N(E11. 3))
23 COUTIAUE

> UITPUT

IF (ISTEP/IPRIWT-FLOAT(ISTEP)/FLOAT(IPRINT)) 29,30,20
3U COUTIHUE

CT=PTL/PT

CA=(PT=-(PTZ+RT))/PT

CAIV=Cy+HVAP

JAV=PTZ/ LAV

ARITE (L,%) DIMX

ARITE (5,80) Z,TE4P,COMHV, COND,RAD,CT
8 FORMAT (H(E11.3))

30 To 2V
22 WRITE (5,200) )
209 FORAAT(34,19H>0, G) ON===<0, EID) -

H'b PT*,¥
() 2,170,442
42 UHITZ (5,250) .
250 FUAMAT(2X,23ilHI~ VALUES: 0Z, Z4AX, IPRINT)
ACCEPT*, pZ,ZMAK, IPRIJT
Ir (IPWIGT) 210,212,212
ﬂﬁIAu (),32)
rJRle(L‘,)HLqﬂah 6X,5ITRANS, 06X, 44RATR)
Jo 214 2=1,100,
LAﬂbA=.25+Q*.01
RATW=RRCU(Q)+ALPAD(Q) *¥1,065-19
CRUS=BETA(II®(1E16/DIHX)
TRAN3=1PZ(2)/(3. 74?3*L110&**65*(5XP(1.uusul(LAHDA*SJJS))-l.)**-1)
r_,lq chil‘l: (), )1) L-l’\ XJ'\,AKAdb l TQ
ad To {u
20 CoaTliJz
ISTERP=D
3) T9D 29
() CCuTIn Iz
30
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